Objectives. The purpose of this study was to clarify characteristics of tetralogy of Fallot and pulmonary atresia associated with chromosome 22qll deletion.
DiGeorge syndrome is commonly associated with congenital conotruncal anomalies such as truncus arteriosus, aortic interruption type B and tetralogy of Fallot (1, 2) . Velo-cardio-facial syndrome (3) and conotruncal anomaly facies syndrome (4, 5) are also commonly associated with congenital conotruncal anomalies such as tetralogy of Fallot with pulmonary stenosis or pulmonary atresia. Recently, these three syndromes have been shown (6) (7) (8) to be associated with chromosome 22qll deletion and have been collectively referred to as CATCH 22 by Wilson et al. (9) .
Our group (10) has reported that 49 of 60 patients with 22qll deletion had associated tetralogy of Fallot, and 21 of these had associated tetralogy of Fallot, pulmonary atresia and major aortopulmonary collateral arteries. In the present study, we compared the cardiovascular anomalies associated with tetralogy of Fallot and pulmonary atresia (11) in patients with and without the 22qll deletion.
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Methods

Patients.
Chromosomes of peripheral blood lymphocytes were analyzed with fluorescent in situ hybridization (FISH) method using Oncor N25 probe (DiGeorge chromosome locus probe) (12) (Fig. 1 ) with written informed consent of the patient's parent or parents. Conotruncal anomaly facies (Fig.  2) were recognized as having narrow eyes, short philtrum, small mouth and deformed ears, frequently associated with hypernasal voice (4, 5) . Twenty-three patients with tetralogy of Fallot and pulmonary atresia associated with chromosome 22qll deletion (hemizygosity) were included in this study (Table 1) . These 23 patients were selected from 29 patients with this complex; the other 6 were not included because angiocardiograms were not available for review. The conotruncal anomaly facies was noticed in all 23 patients with chromosome 22qll deletion. For comparison, 26 consecutive patients with tetralogy of Fallot and pulmonary atresia without 22qll deletion were studied ( Table 2) . None of these 26 showed the conotruncal anomaly face.
Cardiovascular anomalies, Cardiovascular anomalies were studied with cardiac catheterization and selective cineangiography in each patient. Selective injection into the ductus arteriosus (13) and major aortopulmonary collateral arteries (14) visualized the central and peripheral pulmonary arteries ( Fig. 3 to 5 ). In this study we used the following definitions. The pulmonary artery confluence (11) was defined as confluent right and left pulmonary arteries connected at the central portion. The ductus anteriosus was defined as 1) the artery originating from the distal aortic arch and connecting to either the pulmonary artery confluence or unilateral pulmonary arteries, and 2) as the artery, whether patent or atretic, connecting the left innominate artery and the pulmonary trunk in patients with a right aortic arch (Fig. 5) . Other arteries originating from the aorta or its branches and connecting to the peripheral pulmonary arteries were defined as major aortopulmonary collateral arteries ( Fig. 3 and 4) (11,15) . The right aortic arch ( Fig. 3 and 5 ) and aberrant origin of the subclavian artery (Fig. 4) were determined with angiocardiography. High aortic arch was defined as an aortic arch that reached the third posterior rib and clavicle as shown on frontal cineangiograms ( Fig. 3 and 5 ). Statistics. For statistical analysis, frequencies of each cardiovascular anomaly associated with deleted chromosome 22 and those associated without this deletion were analyzed with the chi-square statistic and the Fisher exact probability test (Table 3) .
Results
Patients. Age at study, gender and cardiovascular and other anomalies are shown in Table 1 for patients with chromosome 22qll deletion and in Table 2 for patients without the deletion.
Tetralogy of Fallot. The intracardiac morphology of tetralogy of Fallot and pulmonary atresia was visualized in all 49 patients. A large ventricular septal defect was present and the aorta was overriding the septum in all. The size of the infundibulum was variable, with infundibular atresia present in 40 (82%) of the 49 patients.
Pulmonary arteries. The pulmonary trunk was present and associated with an atretic pulmonary valve and patent ductus arteriosus in three patients with chromosome 22qll deletion (Patients 20, 22, and 23) and in no patient without the deletion. The confluent central pulmonary arteries (Fig. 4) were present in all 26 patients without the deletion except 1 who had bilateral patent ductus arteriosus (Patient 37, Table 2 ). By contrast, confluent central pulmonary arteries were not visualized in 48% of the patients with deleted 22qll despite extensive selective angiographic study of the major aortopulmonary collateral arteries (Fig. 3, Table 3 ).
Ductus arteriosus. Among patients with 22qll deletion, the ductus arteriosus (Fig. 5) was present in only 17%, and major aortopulmonary collateral arteries ( Fig. 3 and 4 ) in 91%. In contrast, among patients without the deletion, the ductus arteriosus and major aortopulmonary collateral arteries were present in 54% and 50%, respectively (Table 3) .
Aortic arch. Right aortic arch ( Fig. 3 and 5) , aberrant right or left subclavian artery (Fig. 4) and high aortic arch ( Fig. 3 and 5) were present in 70%, 35%, and 43%, respectively, of patients with 22ql 1 deletion. In patients without deletion, right aortic arch was present in only 23%, unassociated with aberrant subclavian artery. Therefore the frequencies of arch anomalies with 22qll deletion and without the deletion differed significantly (Table 3 ). 
Discussion
Deletion of chromosome 22qll and CATCH 22. Wilson et al. (9) named the phenotypes associated with deleted chromosome 22qll CATCH 22. The anomalies include cardiac defects, abnormal facies, thymic hypoplasia, cleft palate and hypocalcemia.
The incidence of deletion of chromosome 22qll is not clear at present. In a preliminary report (16) , it was estimated to be 1/4,000 live births. Although deletion of 22qll chromosome has been found in persons with an apparently normal heart (17,18), cardiovascular abnormalities have been reported (17) in 83% of those with 22qll deletion. Therefore, after Down syndrome, this condition is the second most frequent chromosomal anomaly associated with congenital heart disease. The deleted region of chromosome 22qll and genes responsible for this condition are being intensively studied at the present time.
Cardiovascular anomalies in 22qll deletion. Our group (10) has identified 60 cases of the chromosomal anomaly with the FISH method using Oncor N25 probe. Tetralogy of Fallot with or without pulmonary atresia was associated with the anomaly in 82% of cases.
We noticed characteristic aortic arch anomalies with 22qll deletion in the present study. The ductus arteriosus was more commonly present in the group without the deletion. In contrast, major aortopulmonary collateral arteries were more common in the deletion group, reflecting their compensatory origin in disturbed development and absence of the ductus arteriosus. The ductus arteriosus was present in four patients with the deletion, and three of these four patients had a well developed pulmonary trunk and valvular pulmonary atresia. These three patients with valvular pulmonary atresia suggest that patency of the pulmonary valve occurred in some fetal stage of development (19) . If these three patients are excluded from the deletion group, all patients but one with the deletion lacked the ductus arteriosus, and all the patients in this group had major aortopulmonary collateral arteries. This observation, together with the frequent absence of the confluent central pulmonary arteries in this group, suggests that more Table 1 ). The right ventriculogram (A) shows pulmonary atresia and high right aortic arch reaching the third rib (3R). Injection into the innominate artery (B) shows a dimple suggesting a closed ductus. Pulmonary arteriogram (C) through the right Blalock-Taussig shunt shows a well developed pulmonary trunk, confluent central pulmonary arteries and well developed peripheral pulmonary arteries. LPA = left pulmonary artery; PT = pulmonary trunk; PV = pulmonary valve; RPA = right pulmonary artery; other abbreviations as in Figures 3 and 4 . Data are presented as number (%) of patient group. Abbreviations as in Table 1. extensive disturbance of the developing sixth aortic arch occurs in 22qll deletion.
We have also studied the patients with classic tetralogy of Fallot (i.e., without pulmonary atresia) who had deletion of chromosome 22q11. These patients have more aortic arch anomalies and more major aortopulmonary collateral arteries than do those without the deletion. These findings will be published in a separate report (20) .
The frequent association of right aortic arch and aberrant subclavian artery with the deletion is apparent. Frequent association of right aortic arch in velo-cardio-facial syndrome and deleted chromosome 22qll has been reported (17) . The exact cause and mechanism of these arch anomalies are not known. We hypothesize that normal development of neural crest cells is disturbed in 22qll deletion, and early development of the aortic arch is altered. This concept has been proposed in the DiGeorge syndrome and associated cardiovascular anomalies (1) . Taking these findings together, we speculate that deleted 22ql 1 may affect cytokinetics, migration or differentiation of neural crest cells. The speculation has to be proved at molecular level and in terms of a deleted gene or genes.
Patient bias. There is a strong bias of patients with congenital heart disease at our institute. We have attempted the surgical treatment of tetralogy of Fallot with pulmonary atresia and major aortopulmonary collateral arteries (21) , and have an unusually large number of patients with this complex, as shown in this study. Tetralogy of Fallot with pulmonary atresia is either associated with patent ductus arteriosus and confluent central pulmonary arteries or with absent ductus arteriosus and major aortopulmonary collateral arteries. Generally, the first type, with patent ductus arteriosus, is more common than the second type, with major aortopulmonary collateral arteries.
Clinical implications. Associated chromosome 22qll deletion is suggested in patients with tetralogy of Fallot and pulmonary atresia if some of the following anomalies are noted: absent ductus arteriosus, right aortic arch, high aortic arch reaching the third rib, aberrant subclavian artery, major aortopulmonary collateral arteries and absent confluent central pulmonary arteries. Chromosome 22q11 deletion is always associated with conotruncal anomaly face (4, 5) . It is definitively diagnosed with the FISH method using Oncor N25 (D22S75) probe.
